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A common failure mode of electronic printed circuit boards 
(PCB’s) is the appearance of cold solder joints between the 
component and PCB, during product life. This phenomenon is 
related to solder joint fatigue and is attributed mainly to the 
mismatch of the coefficients of thermal expansion (CTE) of 
component-solder-PCB assembly. With today’s solder joint 
thickness decreasing and increasing working temperatures, 
among others, the stresses and strains due to temperature 
changes are growing, leading to limited fatigue life of the 
products. As fatigue life decreases with increasing plastic strain, 
creep occurrence should have significant impact, especially 
during thermal cycles and, thus, should be studied. 
Through the cooling phase, on the production of PCB assembly’s 
by the reflow technology, the hoven atmosphere temperature is 
adjusted in order to control the cooling rate. Narrow criteria is 
used so as to control the inter-metallic compounds (IMC) 
thickness, PCB assembly distortion and defects due to thermal 
shock. The cooling rate also affects solder microstructure, which 
has direct impact on creep behaviour and, thus, on the soldered 
joint reliability.  
In this paper, a dynamic mechanical analyser (DMA) is used 
to study the influence of the solder cooling rate on its creep 
behaviour. SAC405 samples with two distinct cooling rates were 
produced: inside a hoven cooling and by water quenching. Creep 
tests were made on three-point-bending clamp configuration, 
isothermally at 25 ºC, 50 ºC and 75 ºC and under three separate 
levels of stress, 3, 5 and 9 MPa. The results show that creep 
behaviour has a noticeable cooling rate dependence. It was also 
noticed that creep propensity is exacerbated by the temperature 
at which stresses are applied, especially for the slower cooling 
rates. Creep mechanisms were related to the solder 
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INTRODUCTION 
Although soldered joints may sometimes be used for 
purposes like heat conduction and dissipation in printed circuit 
boards (PCB’s), the main target is to promote electrically 
connection of the various components and to provide mechanical 
integrity of those interconnections. For that reasons, the products 
reliability is directly correlated to the soldered joints quality [1-
3]. With the growing concerns related to health and 
environmental hazards and the introduction of lead-free solders 
in industry, along with the increasing trend for shrinking 
electronics packaging, the development of highly reliable new 
lead-free solders has become an important area of interest [2-3]. 
Thus, the mechanical properties of the solders are currently one 
of the major concerns in electronic packaging industry. 
 2 Copyright © 2018 by ASME 
Ternary Sn-Ag-Cu (SAC) eutectic and nearly eutectic 
solders are among the best and most used lead-free solders in 
industry, basically because of their similar mechanical 
properties, wettability, and resistance to temperature cycling 
when compared to the old Sn-Pb solders [4-7]. SAC solders, 
however, have higher thermal stress, thicker interfacial 
intermetallic compounds (IMCs) and, particularly, higher 
melting temperature [6]. The last imposes process production 
problems, at reflow soldering level, because some components 
are very sensible to the high temperatures required to melt solder 
and make a good interconnection and may overheat. 
During electronic products service life, PCB’s are subjected 
to a large number of causes that may lead to its failure. Some of 
them are impact [7], vibration [8] and thermal stresses [9]. 
Although two first ones may not be present or significant for all 
applications, the last is imposed in every PCB during its life, not 
only due to ambient temperature changes by also by components 
heating effect during service. 
Because of the fact that PCB assemblies are made from 
numerous types of materials, i.e., epoxy based boards, Sn based 
solders, Cu pads, ceramic/other components, etc, there are 
present a large variety of thermal expansion coefficients (CTE). 
Due to that circumstance, a change in temperature, materials will 
expand or contract in different scales, creating shear stresses 
along various elements, especially on the soldered 
interconnections [10]. Actual miniaturizing trend of the 
assemblies [9] reduce the distance between component and 
board, exasperating this effect [11]. Continuous thermal cycling 
lead to repeating deformations that ultimately result in fatigue 
crack and failure [11]. 
During thermal cycling plastic deformation is apparently 
one of the major deformation mechanisms of solders. Creep 
deformation, a time-dependent plastic strain at constant stress 
and temperature, should also play an important role because the 
homologous temperature (T/Tm) of solders usually exceeds 0.6 
[1, 12]. Under that conditions the microstructure of the solder is 
unstable and creep and stress relaxation occur rapidly during the 
holding period at high temperature within each cycle. This 
suggests that creep in the soldered joints significantly impacts 
the thermo-mechanical reliability of the assembly joints [1, 12-
13]. 
During the reflow soldering process of PCB assemblies, 
both heating and cooling phases are executed at a controlled rate. 
The heating rate is controlled mainly due to the need to reduce 
thermal shock and to create temperature stages for the flux to 
clean the soldering surface and the solder to wet and react with 
the pads. The cooling rate is established according to the 
formation of an intermetallic layer which thickness must be 
controlled to guarantee a good soldering joint.  
The transient cooling phase of each soldering joint is 
affected by a big number of factors, e.g., manufacturing 
parameters, local air speed and temperature, component density, 
thermal inertia of the component, thermal shading, etc. Thus, on 
the production of PCB’s by reflow process, the cooling rate of an 
actual soldering joint can be very different, not only between 
different types of products, but also along the soldering joints of 
a specific board.  
There is known that creep behavior has impact on the 
reliability of a soldered joint [14, 15]. Several studies refers 
cooling rate affects alloy microstructure and, in relation to them, 
its creep behavior [16-18]. In particular, Zequn et al. address 
creep and fatigue performance in relation to the cooling rate for 
eutectic Pb-Sn solder and found steady state creep rate does not 
significantly change with the cooling rate, although fatigue life 
of fast cooled alloys was greater. Although its remarkable 
findings, the study focused on leaded solder alloys and not on 
SAC solders [18]. Ochoa et al. studied the effect of cooling rate 
on creep performance of bulk eutectic Sn-3.5Ag solder. He 
discovered that faster cooling rates increase the creep strength of 
the solder due to the refinement of the solder microstructure, 
were it was possible to find finer Sn-rich dendrites and finer 
Ag3Sn in the eutectic, providing more efficient obstacles for 
dislocation motion [19]. Although in this work was studied a lead 
free solder, the presence of copper in the alloy was not taken into 
account. Other authors studied the creep behavior of SAC 
solders with varying Ag and Cu composition, but not the 
influence of cooling rate on the microstructure and thus creep 
behavior [20]. Kanjilal et al. showed that stress and temperature 
have a significant effect on SAC alloys precipitates coarsening 
during creep, that promotes a change in the creep mechanism 
between low and high temperature [20]. The absence of 
knowledge about the influence of cooling rate on SAC solders 
microstructure, specifically the constituents volume fraction, and 
its effect on creep behavior, in particular for SAC405 solder for 
being a common use solder type on PCB assembly production 
by reflow, lead to the interest in this study. For that, SAC405 
solder paste was melted and cooled at two different cooling rates, 
characterized in terms of microstructure morphology and 
constituents volume fraction and its creep behavior studied using 
a dynamic mechanical analyzer (DMA) device with varying 
stress and temperature. 
MATERIALS AND METHODS  
Sample Preparation 
To produce the samples, it was used commercial F620 
SAC405 solder paste, constituted by a 88 wt% colloidal 
suspension of type 3 (25-45 µm diameter) SAC405 (95,5% Sn, 
4,0% Ag, 0,5% Cu) solder spheres on a rosin flux. 
The melting of the solder was done by heating 75g of solder 
paste, in an alumina crucible, to 300 ºC during 20 min. 
Simultaneously, a 16x16x35 mm3 (LxWxH), 8 mm wall 
thickness, stainless steel mold was pre-heated on a hoven at 300 
ºC. After that, the melted solder was poured into the stainless 
steel pre-heated mold and two cooling rates were employed: 
slow and fast. The slow cooling rate was obtained by placing the 
mold with the cooling solder back into the hoven, this time 
turned off. The fast cooling rate was achieved by quickly placing 
the mold with the cooling solder into water at ambient 
temperature. In both processes the temperature was registered 
using a K type thermocouple and a data logger and the result can 
be seen on Fig 1. 
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From each block of solid solder produced, samples were cut 
to suitable size to test on the DMA (≥25x≥3x0.25W mm3 
(LxWxT), with maximum deviance of 5% of nominal 
dimensions), using a stainless steel toothed saw disc cutter. Their 
shape is illustrated on Fig.2, both for solder blocks and final 
shaped sample. 
After creep tests, a representative sort of samples was cut, 
mounted on an epoxy carrier, polished and chemical attacked in 
order to proceed to microscopic observations. 
To characterize the material, hardness tests were made using 
a Shimadzu micro hardness tester type-M with 15 s indentation 
time and 100 g load. The results were obtained in HV test mode. 
 
 
Fig. 1 – Temperature evolution of slow and fast 







Fig. 2 – a) Slow (left) and fast (right) cooling rate solder 
blocks; b) sample machined and prepared to DMA 
creep tests 
Test Procedure 
The creep tests were performed on a TA Instruments Q800 
DMA, using the 20 mm three-point-bending flexural clamp and 
creep-relaxation test mode procedure. In order to understand the 
effect of cooling rate on creep mechanism of the solder, samples 
were tested at three stress levels (3, 5 and 9 MPa) for each 
cooling rate at three distinct as service life relevant temperatures 
(30, 50 and 75 ºC). All this temperature levels represent 
homologous temperatures above half the melting temperature of 
the solder (217 ºC, measured on a DSC/TGA), namely 0.62, 0.66 
and 0.71. As high temperature creep behavior tends to be more 
relevant at homologous temperatures above 0.6 [12-13], the 
selected testing temperatures are relevant for creep testing 
purposes. 
The experimental routine comprised of an isothermal period 
of ten minutes before testing at the experiment target 
temperature, to ensure homogeneous temperature of the sample. 
Load and unload cycles were defined as 50 and 30 minutes, 
respectively, for each sample. Load and unload cycles were 
consecutively repeated four times. After the tests, steady-state 
creep rate was measured for each load cycle. A schematic 
representation of the test cycle and the strain rate measurement 




Fig. 3 – Schematic representation of creep tests 
performed on DMA 
 
RESULTS AND DISCUTION 
Material Characterization 
In order to verify the chemical composition of the samples, 
it was randomly selected one from each cooling type lot, 
followed for chemical analysis by XRF spectrometry. The results 
are plotted on Table 1 and show that the as-cast concentration 
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Table 1 – Chemical composition of samples (XRF 
analysis)  
 Element fraction (wt%) 
Sample Ag Cu Sn 
Pure SAC405 4.10 0.72 rest 
The cooling speed effect on bulk SAC405 solder superficial 
hardness was investigated. As some samples rested, at least, 5 h 
at 50 ºC or 75 ºC, according to the test temperature, it was also 
investigated the effect of temperature aging on SAC405 
hardness. Fig. 4 illustrates the results and reveal that cooling rate 
have a big impact on SAC405 hardness, increasing with the 
cooling speed. On the other side, the 5 h aging doesn’t have a 
significant effect on the results, for both types of samples.  
The microstructure is always an important feature when 
understanding mechanical behavior, and thus the creep 
performance, of metals and alloys. Because of that, optical and 
SEM microscopy observation was performed (Fig. 5). The 
constituents volume fraction, in each sample type, were 
measured by image analysis and are presented on table 2. The 
results show an important occurrence: the change from a 
structure with a strong lamellar presence to a structure based 
essentially on coarse (Sn), when the cooling rate changes, 
respectively, from fast to slow rate. It is also possible to see the 
evidence that the slow cooled sample does not change its 
microstructural composition, 95 % (Sn), when heated to as high 
as 75 ºC during 5 h. This behavior may be basically related to the 
fact that the samples were able to reach a stable equilibrium 
when produced, due to the very slow cooling rate. On the other 
side, the fast cooled samples display kinetic behavior in terms of 
microstructure evolution with the exposition to temperatures 
below melting point. The results suggest that the (Sn) 
constituents grow when the sample is subjected to 5 h at 
temperatures as low as 50 ºC, phenomena that is accelerated by 
the temperature level. Dendritic volume fraction (Sn based 
phase) increases during the stage at higher temperatures, which 
suggests that the microstructural composition of this samples, at 




Fig. 4 – Surface hardness of fast and slow cooling 
rates for as casted and 5 h aged SAC405 solder 
 
Fig. 5 - Microstructure observations for SAC405 with 
slow and fast cooling rate 
 
Table 2 – Alloy constituents volume fraction (%) 
  Temperature (°C) 
  25 50 75 
Slow % (Sn) 95 95 95 % Others 5 5 5 
Fast % (Sn) 22 37 38 % Others 78 63 62 
 
Creep Tests 
To evaluate the influence of cooling rate on creep properties 
of SAC405, creep curves of the specimens on this study were 
plotted on a creep strain - time chart. Fig. 6 presents an example 
of the obtained curves, for slow and fast cooled samples, tested 
at different temperatures (25, 50 and 75 ºC) and at 5 MPa. It 
analysis allows to perceive, after an elastic instantaneous strain, 
the presence of a primary and secondary creep stages, as 
represented on Fig. 2. Primary creep stage is described as a 
transient high strain rate that decreases with time, mainly due to 
a phenomena known as work hardening. Secondary creep, or 
steady state creep, appears after primary creep, when strain rate 
reaches the minimum value. It is characterized by a constant 
strain rate along the time and is generally interpreted as an 
equilibrium between work hardening and dynamic or thermal 
recovery [21]. One difference that can be seen on the chart is the 
magnitude of the instantaneous elastic strain between the two 
types of samples. That value is related to the stiffness of the 
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less stiff (lower Young modulus) than the fast cooled samples. 
The difference should be associated with the amount of the (Sn) 
constituent on the alloy, which is much higher on slow cooled 
samples. Being metallic materials, as one could expect, the tests 
also reveals that the stiffness of SAC405, despite its cooling rate, 
decreases with the test temperature. 
A plot of strain rate along the temperature, for all the sample 
types, was also done in order to study the effect of temperature 
on creep rate. This relationship is depicted on Fig. 7. Globally, it 
can be seen that creep rate increases with temperature, as 
expected, for fast and slow cooled samples. A more significant 
increase was obtained for the slow cooled samples at 50 and 75 




Fig. 6 – Strain rate during the creep tests, at 5 MPa, 
for slow and fast cooling SAC405 samples 
 
Fig. 7 – Effect of temperature on strain rate during the 
creep tests for slow and fast cooling SAC405 
samples 
 
Other obvious difference between the samples is the steady 
state creep rate. Because of that, its value was measured on the 
creep tests, and plotted on a creep rate - stress chart, for the three 
tested temperature levels: 25, 50 and 75 ºC (Fig. 8). It analysis 
allows to perceive that creep rate of the SAC405 is highly 
sensible to the alloy microstructure. On all tested temperatures, 
slow cooled SAC405 presents a higher creep rate. This behavior 
can be justifiable by the alloy microstructure, mainly constituted 
by the (Sn) phase on slow cooled samples (see Table 2). 
As could be expected, due to the high homologous 
temperature of the tests, it was also observed that creep rate is 
very much sensible to the temperature, increasing with it for both 
slow and fast cooled samples. Creep strain is favored by the 
presence of the (Sn) based microstructure, when compared with 
the lamellar type. This means that (Sn) phase has a higher 
susceptibility to creep than the lamellar constituents 
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Fig. 8 – Creep rate of fast and slow cooled SAC405 
bulk solder at 25 ºC, 50ºC and 75 ºC along creep 
stress 
In all the cases the creep rate increases with the applied 
stress. For fast cooled samples the increase in creep rate is almost 
linear with the applied stress, a behavior that is preserved with 
the temperature, up to 75 ºC. The slow cooled samples, by its 
turn, with (Sn) based microstructure, have a different behavior. 
There’s an exponential increase on the creep rate under stresses 
above 5 MPa, a phenomenon that is transverse to all the tested 
temperatures. This might indicate a change on the creep 
mechanism. Lee et al [22] indicate a creep deformation 
mechanism, for pure Sn, dominated by grain boundary sliding, 
rotating grains into the orientation that is most compatible with 
the applied stress irrespective of their mismatch with 
neighboring grains for low stress and low temperature 
conditions. For higher stress and/or temperatures the creep might 
be increasingly changed to a higher activation energy mechanism 
as the coarse-grained structure by bulk dislocation. 
Creep activation energy can reasonably be estimated by a 
linear regression of steady-state strain rate along the reciprocal 
temperature, 1/T [23]. Its value is depicted on Fig. 9. It analysis 
reveal that calculated creep activation energy values are in 
accordance with the literature being a little inferior, insofar 
they’re in the same order of magnitude for SAC solders Q [23, 
24]. For fast cooled samples, creep activation energy does not 
seem to be significantly affected by the applied stress. On the 
other side, for slow cooled samples, activation energy is affected 
by the applied stress. It seems to exist a transition from a low 
energy creep mechanism, at low stress, to a high activation creep 
energy mechanisms, at higher stress, in accordance with 




Fig. 9 – Creep activation energy for slow and fast 
cooled samples 
CONCLUSIONS 
In this work the effect of microstructure of commercial 
SAC405 solder was studied in terms of creep behavior, giving 
particular attention to secondary creep rate. For creep purposes, 
the effect of temperature and stress were reviewed. 
Cooling rate has major impact on microstructure of 
SAC405. Slow cooled SAC405 (~0,02 ºC/s) appears to have a 
predominant (Sn) constituent (up to 95 % volume), being Ag and 
Cu elements grouped in form of needles. Fast cooled SAC405 
(~10 ºC/s) present a smaller fraction, roughly 1/5, of (Sn) 
constituent and the rest in form of other constituents with 
lamellar shape (Ag and Cu containing phases). This leads to 
differences in superficial hardness, being the fast cooled samples 
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concluded that although slow cooled samples present a stable 
equilibrium microstructural state, fast cooled ones tend to evolve 
when subjected to temperature levels as low as 50 ºC for, at least, 
5 h. In those samples, (Sn) constituent volume fraction tends to 
increase.   
Creep behavior was evaluated with temperature change. 
Results show that creep properties of alloys slow cooled have 
greater dependence on temperature. This behavior was attributed 
to alloy microstructure, mainly constituted by the (Sn) phase. On 
slow cooled samples a significant change on the creep behavior 
was observed, namely on the transition from 5 to 9 MPa. The 
calculated activation energy indicates that a change on the creep 
mechanism might occur for high temperatures and/or applied 
stress. For the fast cooled samples, a more linear behavior was 
observed with temperature and applied stress. Only for the 
higher stress, 9 MPa, a more pronounced creep rate was detected. 
This indicates that above mentioned changes associated with 
(Sn) phase creep behavior, with temperature and/or applied 
stress, are suppressed by the lamellar morphology. 
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